The effects of Na deposited on monolayer graphene on SiC(001) were investigated by synchrotronbased photoelectron spectroscopy and angle resolved photoelectron spectroscopy. The experimental results show that Na prefers to adsorb on the graphene layer after deposition at room temperature. Nonetheless, part of the Na atoms are able to intercalate in between the graphene and the buffer layer and some go even further into the substrate interface as indicated by the shift of the bulk SiC component in the C 1s and Si 2p core level spectra. The ARPES spectrum exhibits a lowering of the Dirac point indicating increased n-type doping of the monolayer graphene induced by the deposited Na atoms. Upon subsequently heating the sample, we found that a slightly elevated temperature is essential in order to promote Na intercalation. A fully Na intercalation at the graphene-SiC interface is obtained after heating at a temperature of about 75 C. The intercalated Na decouples the buffer layer and transforms it into a second graphene layer so two p-bands are observed in the ARPES spectra. Interestingly, the two bands show different locations of the Dirac point but both exhibit linear dispersion in the vicinity of the K point and not the hyperbolic dispersion observed for AB stacked bi-layer graphene. When heating the sample to about 125 C or higher, Na is found to leave the interface and the second graphene layer is transformed back to the carbon buffer layer.
I. INTRODUCTION
Heating a SiC(0001) substrate to high temperature is well known to produce a carbon-rich surface with a (6H3 Â 6H3) R30 structure, a so-called buffer layer, and with graphene layers on top upon further heating.
1,2 Graphene is a two-dimensional structural material with sp 2 bonded carbon in a honeycomb network. The unique electronic structure of graphene with a linear dispersion of the p-bands around the K points of the hexagonal Brillouin zone gives rise to effectively massless charge carriers with extremely high mobilities. [3] [4] [5] In the recent years, graphene, especially grown epitaxially on SiC(0001), has drawn a lot of research interest since it was proposed to be the new material for high performance electronic devices. 4 However, the carbon buffer layer that exists for epitaxial graphene grown on SiC(0001) forms strong covalent bonds to the SiC substrate and does not exhibit graphitic electronic properties. ARPES data show that the buffer layer does not exhibit any valence band states within some a few tenths of an eV from the Fermi level of the linear band structure close to the K point characteristic of graphene. 6 The existence of the carbon buffer layer in the case of graphene grown on the SiC(0001) surface is considered to hinder a development of graphenebased electronic devices. Nonetheless, earlier studies have demonstrated that hydrogen (H), [7] [8] [9] [10] gold (Au), 11 fluorine (F), 12 lithium (Li), 13, 14 and silicon (Si) (Ref. 15 ) can intercalate and decouple the buffer layer from the SiC substrate. However rubidium (Rb) and cesium (Cs) (Ref. 16 ) do not intercalate and decouple the buffer layer and, apparently, neither the potassium (K). 17, 18 Intercalation has been shown to provide the ability to modify the charge carrier density and the electronic structure of graphene. The band structure of graphene in the vicinity of the K point after H (Refs. 8 and 10) and Li (Ref. 13 ) intercalation shows a splitting of the p-band and a shift of the Dirac point contributing from charge carrier doping. Moreover, the decoupled graphene sheet(s) exhibit p-bands with a hyperbolic dispersion at the K point, indicating formation of AB stacking similar to that of as grown bi-layer graphene. In the case of Rb and Cs deposition on monolayer graphene sample, 16 the p band does not split after deposition but the Dirac point has been shown to move down from the Fermi level.
In this paper, we report a study of Na deposited on epitaxial graphene on SiC(0001) for the purpose to see if Na can intercalate and change the structural and electronic properties of the graphene. Core level photoelectron spectroscopy (PES) and angle resolved photoelectron spectroscopy (ARPES) of the valence band were utilized to investigate the changes induced in the monolayer graphene sample upon Na deposition and subsequent heating. In contrast to other alkali metals (Li, K, Rb, and Cs), the intercalation of Na into graphite was found to be difficult. 19 Na graphite intercalation compounds were only obtained under high pressure 20, 21 or in the presence of impurities such as oxygen, 22 hydrogen, or nitrogen. 23 Our study shows that in the case of graphene Na can easily intercalate into the carbon layers at an elevated temperature of about 75 C, and that no high pressure or impurity is needed. A theoretical study of Na intercalation of epitaxial graphene on SiC by Jhi et al. 24 reported that the charge transfer and the Na binding energy are strongly depended on the Na coverage. According to calculated energetics, Na prefers to intercalate between the buffer and top graphene layer and to adsorb on top of the graphene layer. An earlier investigation of alkali 0021-8979/2012/111(8)/083711/6/$30.00
V C 2012 American Institute of Physics 111, 083711-1 metal atoms (Na, K, and Cs) deposited on monolayer graphite grown on a Ni(111) substrate 25 revealed that all these alkali metal atoms penetrated under the monolayer graphite at room temperature. This results in a dilation of the monolayer graphite-Ni interlayer distance and causes changes in the electronic structure of the system. Our experiments show that directly after Na deposition on graphene on SiC(0001) at room temperature Na prefers to stay on top of the graphene layer inducing highly n-type doping on the monolayer graphene. The Na intercalation, similar to that observed from monolayer graphite on Ni(111), is then accomplished at an elevated sample temperature. Na intercalates in between the top graphene and the buffer layer and can even go through the buffer layer and intercalate at the SiC interface. This eliminates and transforms the buffer layer into another graphene layer. In addition, the p-bands observed after intercalation process show a linear dispersion similar to those obtained from AA stacking and not at all hyperbolic type as typically reported for the AB stacking bi-layer graphene.
II. EXPERIMENT
A n-type on-axis 6 H-SiC(0001) wafer purchased from SiCrystal was used to prepare monolayer graphene samples. The SiC wafer has a mis-orientation error within 0.06
. It was chemically and mechanically polished on the Si face. The graphene samples were prepared by direct current heating the substrate at a temperature of 1300 C for a few minutes in in situ at a base pressure of approximately 10 À10 mbar. This is known to produce graphene samples with a dominant coverage of one monolayer (ML). Na deposition was performed using a SAES getter source. The samples were kept at room temperature during Na exposure for 6 min. The Na coverage was determined to be about 2 ML. After deposition, the evolution of Na intercalation was investigated upon subsequent heating of the sample at temperatures from ca. 75 to 1200 C. PES and ARPES were utilized to investigate the sample after deposition and subsequent annealing. The experiments were carried out at beamline I311 (Ref. 26 ) and I4 (Ref. 27 ) at the MAX-lab synchrotron radiation facility in Lund, Sweden. Beamline I311 is equipped with a modified SX700 monochromator and large Scienta electron analyzer. It was utilized for high-resolution studies of the C 1s, Si 2p, and Na 2p core levels. The total energy resolution was set to 0.10 eV for photon energies from 33 to 450 eV and to 0.30 eV for higher energies up to 750 eV. Beamline I4 is equipped with a spherical grating monochromator and an angular resolved electron energy analyzer with a two-dimensional detector from SPECS. The low angular dispersion lens mode was selected for detailed ARPES studies of the valence band around the Kpoint in the Brillouin zone. The base pressure was about 10 À10 mbar in both the experimental stations utilized. The sample temperature was determined using optical pyrometers in the temperature range 250-1350 C. Lower sample temperatures had to be estimated from extrapolation of the input power (current Â voltage) and sample temperature relation determined over the temperature range covered by the pyrometers. The uncertainty in the low temperatures around 100 C is therefore as large as 625 C.
III. RESULTS AND DISCUSSIONS
PES was utilized to investigate the changes in the core level spectra of monolayer graphene samples after Na deposition and subsequent heating. A series of C 1s core level spectra acquired at a photon energy of 450 eV are presented in Fig. 1(a) . Before Na deposition, the C 1s spectrum of monolayer graphene is resolved into three components, i.e. bulk SiC, graphene (G), and buffer layer (B) as shown by the bottom curves in Fig. 1(a) . Changes in the C 1s spectrum are observed directly after Na deposition. An additional bulk SiC component, labeled SiC', shifted by about 1.6 eV to lower binding energy is observed. Similar component shifted to smaller binding energy has been observed earlier in the C 1s spectra recorded from H (Refs. 9 and 10) and Li (Ref. 13 ) intercalated monolayer graphene but the actual shifts are somewhat different. The shift has been interpreted to arise from the formation of a different dipole layer at the graphene-SiC interface. This suggests that directly after deposition Na atoms can intercalate into the interface and interact with SiC substrate and modify the dipole layer. However, the unshifted SiC component is still present in the spectrum indicating that Na intercalates only partly at the interface leaving non-intercalated areas that contribute to the unshifted component. Moreover, after Na deposition the G/SiC and G/B intensity ratios extracted from the spectrum are found to decrease. This is suggested to be due to a distortion of the graphene layer induced by Na adsorption. An additional small shoulder is detected on the high binding energy tail of the spectrum. This type of shoulder has been suggested to arise from the changes in the coulomb charge density in the interface region 13 or from the interaction of metal atoms with the buffer layer contributing to the asymmetric line shape. 16 FIG. 1. C 1s core level spectra collected (a) at a photon energy of 450 eV from the monolayer graphene sample, before and after Na deposition and heating from 75 to 1200 C, (b) at different photon energies after Na deposition, and (c) after heating to 75 C.
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The sample was then heated at a temperature of about 75 C. Interestingly, at this temperature the entire bulk SiC component in the C 1s spectrum shifts to lower binding energy implying a complete Na intercalation, i.e. that Na fully occupies the substrate interface. The G/SiC intensity ratio now increases by about a factor of 3. This can be caused either by the attenuation of the SiC' signal due to a thick Na layer at the interface or by an increase of the amount of graphene after intercalation. The G/B intensity ratio is also found to increase since the amount of Na in between the graphene and the buffer layer remain similar upon heating, see below, and to a value that is even larger than obtained for the initial clean sample. We therefore suggest that the increase of the G/SiC and G/B intensity ratios is due to an increase of the amount of graphene upon Na intercalation. In this case, an elevated temperature of about 75 C is required in order to allow the Na to go through the graphene and the buffer layer into the interface. The intercalated Na lifts up and transforms the buffer layer into another graphene layer that contributes to the increase of the G/SiC and G/B ratios. These results are in a good agreement to the observation of a splitting of the single p-band into two p-bands in the ARPES spectra after Na intercalation at 75 C, as shown below. Moreover, the distortion of the graphene sheet induced by the Na adsorption on the surface is recovered after heating. Rising the sample temperature to 175 C, the intensity of the shifted SiC' component decreases and the SiC component reappears in the C 1s spectrum. This indicates that the Na atoms have started to leave the interface. At the same time, the B component becomes more visible and the extracted G/SiC and the G/B ratios decrease showing that upon removal of the Na from the interface the buffer layer is recreated. At 1200 C when Na is expected to be removed completely from the sample, the shifted SiC' component has disappeared. The shape of the monolayer graphene spectrum is restored.
The C 1s spectra recorded at photon energies from 330 eV (surface sensitive) to 750 eV (bulk sensitive) after Na deposition and after heating at about 75 C are shown in Figs. 1(b) and 1(c) , respectively. Both figures clearly show that the intensity of the shifted bulk SiC' component increases with increasing photon energy. This confirms that the shifted SiC' component originates from the interface and bulk region underneath the graphene and the buffer layer. After heating at 75 C, Fig. 1(c) , the initial SiC component has essentially vanished and only the shifted SiC' component is observed in the spectra. These results indicate that the Na intercalation has been completed at this temperature, i.e. that Na has intercalated fully into the graphene-SiC interface and produced a similar modified interface dipole layer all over the sample.
Similar changes are observed in the Si 2p core level spectra shown in Fig. 2 , which were collected at a photon energy of 190 eV. Before Na deposition, the spectrum of monolayer graphene shows a Si 2p doublet that originates from the bulk SiC substrate. Directly after deposition, two extra components are detected that are labeled SiC' and S' and shifted by about 1.6 and 2.4 eV from the main bulk SiC doublet to lower binding energy. Since the shift of the SiC' component corresponds well to the shift observed for the SiC substrate peak in the C 1s spectrum after Na deposition, the SiC' component is interpreted to originate from the bulk SiC and the S' component from the uppermost Si-C bilayer in the intercalated areas where the modified dipole layer, induced by Na-SiC interaction, has formed. After heating the sample to 75 C, the shifted SiC' and S' components are found to dominate the Si 2p spectrum and indicate a fully intercalation of Na at the interface. These shifted components have almost disappeared after heating at a temperature of about 175 C when the initial SiC component again dominant which suggests that most of the Na has already left the interface. Further heating at 1200 C results in a complete disappearance of the shifted components and a Si 2p peak shapes very similar to the one obtained from the clean sample before Na deposition. Figure 3 presents a set of Na 2p core level spectra acquired at a photon energy of 140 eV. It should be noted that also these spectra are plotted with the same peak height so only relative intensities within each spectrum can be directly compared. A curve fitting was applied in an effort to resolve the components in these spectra. A spin orbit splitting of 0.16 eV and a branching ratio (Na 2p 1/2 /Na 2p 3/2 ) of 0.5 are used to fit the Na 2p spectra. After Na deposition the spectrum exhibits a dominant Na 2p doublet, labeled N1, at a binding energy of 30.8 eV that is attributed to Na atoms adsorbed on the sample surface. The doublet is accompanied by a small/ weak shoulder on each side. The shoulders are decomposed into three components, labeled N2 at lower binding energy and N3 and N4 at higher binding energy, respectively. The N2 component is assigned to intercalated Na atoms at the FIG. 2. Si 2p core level spectra collected at a photon energy of 190 eV from the monolayer graphene sample, before and after Na deposition and heating from 75 to 1200 C.
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interface, i.e., Na atoms that go through the graphene and the buffer layer and terminate at the interface. The N3 component is suggested to relate to Na atoms that are situated in between carbon layers, i.e., between the graphene sheet and the buffer layer. Finally, the N4 component is assigned to Na clusters on the surface. 28 After heating at 75 C, the intensity of N1 component decreases by a factor of about 25 compared with that before heating. The Na 2p spectrum becomes considerably broader and the N2/N1 (as well as N2/N3 and N3/N1) peak intensity ratio increases significantly. Considering the C 1s and Si 2p spectra, the increasing of the N2/N1 (and N2/N3) ratio is an evidence of an increase of Na intercalation into the interface between the SiC substrate and the carbon buffer layer. Heating at 75 C thus promoted Na intercalation at the interface. Further heating at 175 C, however, results in a pronounced decrease of the N2/N1 (and N2/N3) ratio indicating a decrease of Na at the interface. This corresponds well to the pronounced decrease in relative intensity of the shifted/intercalated components (SiC' and S') in the C 1s and Si 2p spectra. The N3 component assigned to Na situated in between carbon layers and the weak N4 assigned to Na clusters are observed directly after deposition as well as after heating at temperatures from 75 to 175 C. A model for the Na intercalation of monolayer graphene is suggested and illustrated in Fig. 4 . An epitaxial monolayer of graphene grown on SiC(0001) is known to have an ordered carbon buffer layer that is strongly bound to the SiC substrate 1,7,29 as illustrated in Fig. 4(a) . Upon Na deposition on monolayer graphene, Fig. 4(b) , most of the Na atoms adsorb on the sample surface (N1), some form surface clusters (N4), and they induce distortions of the graphene layer. However, part of the Na atoms is able to intercalate in between the graphene and the buffer layer (N3) and some go even further into the interface between the buffer layer and the substrate (N2). Increasing the sample temperature to about 75 C, Fig. 4(c) , allows more Na atoms to intercalate in between the carbon layers and into the interface to interact with the SiC substrate and modify the interface dipole layer. Moreover the distorted graphene sheet seems to recover at this temperature as observed in the C 1s spectrum in Fig. 1(a) . At the interface, Na decouples the buffer layer and transforms it into a second graphene layer. The monolayer graphene and carbon buffer layer now converts into bi-layer graphene with Na at the grapheneSiC interface and in between the graphene layers. At a temperature of about 175 C, the intercalated Na has mainly been removed from the interface and the second graphene layer has been transformed back to carbon buffer layer.
ARPES is utilized to investigate changes induced in the electronic band structure by Na deposition. The band structure probed close to the K point in the Brillouin zone in the direction perpendicular to C ! K is shown in Fig. 5 . Before Na deposition, the monolayer graphene sample shows a single p-band with a linear dispersion and a Dirac point located at about 0.4 eV below the Fermi level, as illustrated in Fig. 5(a) . Charge transfer from the substrate, i.e. substrategraphene interaction, 6, 30 causes this shift of the Dirac point. Deposition of Na on the graphene sample induces pronounced changes in the band structure, as seen in Fig. 5(b) . The Dirac point is shifted down to a binding energy of 1.4 eV below the Fermi level. This indicates additional ntype doping, i.e. that electrons from Na are released and injected into empty states in the p-band of the graphene layer. Based on the linear dispersion near the Dirac point, the charge concentration is estimated 31 to be of about 1.3 Â 10 14 cm À2 . The single p-band is seen to become somewhat broader and more diffuse after Na deposition. This is interpreted as caused by distortions in the graphene layer 
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induced by the adsorbed Na, as also indicated in the C 1s spectrum where the G/SiC (G/B) intensity ratio reduced after Na deposition. After heating at 75 C, the single p-band splits into two. The presence of two p-bands indicates the formation of bi-layer graphene. This is supported by the earlier observations made after similar heating: the increase of the G/SiC and G/B intensity ratios in the C 1s spectrum, the dominance of the shifted SiC' and S' components in the C 1s and Si 2p spectra and the significant increase in the N2/N1 (as well as N2/N3 and N3/N1) peak intensity ratio in the Na 2p spectrum that all pointed to Na intercalation at the interface. Unlike Li on monolayer graphene 13 that directly splits the p-band into two bands after deposition at room temperature, an elevated temperature of about 75 C is required in order to allow Na deposited on monolayer graphene to fully intercalate into the interface, decouple the buffer layer and transform it into a second graphene layer. Interestingly, the two p-bands then show the Dirac points at different energies suggesting a different amount of doping on each layer, i.e. one highly n-doped (lower band) and one with a lower doping concentration (upper band). The two p-bands with different Dirac points are similar to the p-bands obtained after heating the Rb and Cs (Ref. 16 ) deposited on monolayer graphene samples. However, in the Rb, Cs, and K (Ref. 17) cases none of them do intercalate into the graphene and decouple the buffer layer. The two p-bands with different Dirac point in the case of Rb and Cs show a large variation of the band intensity caused by an inhomogeneous doping of monolayer graphene. In the Na case, an equivalent intensity of the two p-bands indicating two decoupled graphene layers after intercalation corresponds well to the increase of the graphene component in the C 1s spectra. Interestingly, the pband dispersion in the vicinity of the K point after Na intercalation looks different from that of H-(Refs. 8 and 10) and Li-intercalated (Ref. 13) bi-layer graphene, which exhibits a hyperbolic dispersion similar to that of the as grown bi-layer graphene with an AB stacking. Instead, the dispersion observed after the intercalation is similar to the calculated Dirac-type linear dispersion relation results for AA stacking. 32, 33 After heating at about 125 C, the highly doped band has almost fainted away suggesting that most Na atoms have left the interface. After heating the sample at 270 C, only a weak trace of the highly doped p-band is still detectable so most of the second graphene layer has been transformed back into a carbon buffer layer. Further heating up to 1200 C results in a complete elimination of Na from the sample and the single p-band of monolayer graphene is reestablished.
IV. SUMMARY
PES and ARPES were utilized to investigate the influence of Na deposited on monolayer graphene grown on SiC(0001). After Na deposition with the sample at room temperature, we found that Na adsorbs on the graphene surface and also form clusters. This induces a distortion of the graphene layer as indicated by a lowering of the G/SiC and G/B intensity ratio in the C 1s spectra collected after Na deposition. Moreover the appearance of a shifted bulk SiC component in the C 1s and Si 2p spectra suggests that some Na atoms are able to penetrate into the interface, interact with the SiC substrate, and contribute to a partial intercalation. Other Na atoms are found to intercalate in between the graphene and the buffer layer. Increasing the sample temperature to about 75 C recovers the distorted graphene sheet and promotes the Na intercalation, i.e., more Na atoms go through the graphene and the buffer layer into the interface. This decouples the buffer layer from the SiC substrate and transforms it into a second graphene layer. The monolayer graphene sample is now converted into two graphene layers as indicated by the observed splitting of the single p-band into two p-bands in the ARPES spectra. The sample now has Na at the graphene-SiC interface and also in between the graphene layers contributing to a different amount of doping on each layer as seen from the different energies of the Dirac point of the two p-bands. Moreover, the two graphene layers exhibit a linear dispersion in the vicinity of K point and not the hyperbolic dispersion observed for the AB stacking of the as grown bi-layer graphene. The intercalated Na starts to be removed from the sample already at a temperature of 125 C when the second graphene layer is observed to transform back to a carbon buffer layer.
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